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Background: Taper design has been identiﬁed as a possible contributor to fretting corrosion damage at
modular connections in total hip arthroplasty systems, but variations in as-manufactured taper in-
terfaces may confound this analysis. This study characterized taper damage in retrievals with 2 different
taper sizes but comparable taper surface ﬁnishes and investigated if fretting and corrosion damage is
related to taper size in the context of a multivariable analysis for metal-on-polyethylene bearings.
Methods: A total of 252 cobalt chromium femoral heads were identiﬁed in a collection of retrievals: 77
with taper A and 175 with taper B. Implantation time averaged 5.4 ± 6.0 years (range, 0-26 years). Ex-
plants were cleaned and analyzed using a 4-point semiquantitative method. Clinical and device factors
related to head taper fretting corrosion damage were assessed using ordinal logistic regression with
forward stepwise control. Components were then selected to create 2 balanced cohorts, matched on
signiﬁcant variables from the multivariable analysis.
Results: Increased head offset (P < .001), longer implantation time (P ¼ .002), heavier patients (P < .001),
and more ﬂexible tapers (P < .001) were associated with increased taper fretting and corrosion damage.
When damage scores were compared between the balanced groups, no signiﬁcant differences were found.
Conclusion: These results suggest that fretting and corrosion damage is insensitive to differences in taper
size. The ﬁnal model derived explains almost half of the fretting corrosion damage observed and iden-
tiﬁes contributing factors that are consistent with other in vitro and retrieval studies.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).There is considerable interest within the orthopedic community
in understanding the multifactorial process of modular component
fretting corrosion in total hip arthroplasty (THA). Previous studies
analyzing surgically retrieved hip devices have identiﬁed some
patient and device factors associated with in vivo taper damage,tes of Health (NIAMS) R01
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offset [1-5]. The increased incidence of taper-related complications
in THA has also been attributed to the evolution of taper design [6].
Among implant manufacturers, narrower and shorter stem taper
designs have been introduced to achieve increased range of jointinstitutional support, or association with an entity in the biomedical ﬁeld which
may be perceived to have potential conﬂict of interest with this work. For full
disclosure statements refer to http://dx.doi.org/10.1016/j.arth.2016.06.053.
* Reprint requests: Genymphas B. Higgs, MS, School of Biomedical Engineering,
Science and Health Systems, Drexel University, 3401 Market Street, Suite 345,
Philadelphia, PA 19104.
1 The Implant Research Center Writing Committee consists of the following
members: Antonia F. Chen, Gregg R. Klein, Brian R. Hamlin, Gwo-Chin Lee, Michael
A. Mont, Harold E. Cates, Arthur L. Malkani, and Matthew J. Kraay.
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Comparison of the C-Taper (left) and V40 (right) designs at the same magniﬁcation.
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[7]. However, it has been hypothesized that these designs may
experience more severe fretting corrosion because a smaller taper
experiences greater stress for a given load [8]. Fretting corrosion is
understood to be a synergistic mechanical and electrochemical
phenomenon: increased localized stress may make the passive
oxide ﬁlm more likely to fracture, which compromises the corro-
sion resistance of the interface [9].
Understanding the effect of smaller tapers is complicated, as
size is often not the only variable that can change between de-
signs. In an experimental study that measured the taper angle of
retrieved THA devices, commonly used taper options had angles
of 4, 5.6, and 6 [10]. The surface ﬁnish of the taper may also
vary, as some contemporary stem tapers have surface ridges in a
grooved or threaded pattern [3,7,10-12]. It has been reported that
during head impaction, deformation of these ridges limits the
local stress concentration that results from a mismatch in cone
geometry tolerances [12]. This provides a stress distribution that
is particularly favorable for ceramic heads; however, these ridges
have also been shown to leave imprints within metal heads via
localized corrosion mechanisms [11,12].
The purpose of this study was to identify the effect that taper
size has on taper damage while controlling for other variations in
taper design. From a single manufacturer (Stryker Orthopaedics,
Mahwah, NJ), we identiﬁed 2 different taper sizes that were fash-
ioned with similar taper angles and comparable surface ﬁnishes.
The C-Taper is based on the 12/14 Euro taper design, whereas, theV40 taper was designed with 8% less taper length and approxi-
mately 20% lower surface area (Fig. 1). Both taper designs have a
similar taper angle of 5 40' and a smooth surface ﬁnish (surface
proﬁle with a wavelength <100 mm and amplitude <4 mm) [13]. In
this study, we sought to determine if there was a difference in taper
fretting and corrosion damage between these 2 taper sizes. To test
this, we analyzed a consecutive series of explanted components
retrieved over a 9-year period by performing a review of the clinical
records associated with the devices, combined with semi-
quantitative evaluation of the modular taper interfaces. We
assessed the difference in damage using a multifactorial approach,
controlling for other design and clinical factors that might affect
taper damage. Thus, the preliminary goal of this study was to
identify which factors are associated with taper damage in these
devices.
Methods
Clinical and Implant Information
Overall, 252 cobalt chromium (CoCr) femoral heads manu-
factured by Stryker Orthopaedics were identiﬁed as either
C-Taper or V40 from a collection of devices within a multi-
institutional retrieval program. The metal-on-polyethylene
(MoPE) systems were collected under an institutional review
boardeapproved, multi-institutional implant retrieval program.
Of the retrieved heads, 77 were C-Tapers and 175 were V40
Table 1
Clinical and Device Information Corresponding to the 252 Retrieved Components.
Patient Summary Device Details
Patients Number of Systems 252
Male 117
Female 129 C-Taper 45
Age at Implantation 60 ± 14 (13 e 80)
years
w/ CoCrMo Stem
w/ Ti-6Al-4V Stem
18
27
Time in situ 5.4 ± 6 (0 e 26) years V40
w/ CoCrMo Stem
w/ Ti-6Al-4V Stem
w/ TMZF Stem
104
32
19
53
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conﬁrmed using X-ray ﬂuorescence (Niton XL3; Thermo Scien-
tiﬁc, Waltham, MA). In cases where the femoral component was
not received, stem designs were determined from radiographs
and operative reports. Information on the stem material was
available for 45 C-Taper devices (CoCr, n ¼ 18; Ti-6Al-4V, n ¼
27) and 140 V40 devices (CoCr, n ¼ 32; Ti-6Al-4V, n ¼ 19; TMZF,
n ¼ 53). In addition to the retrieved components, clinical in-
formation inclusive of age, gender, reason for implant revision,
and length of implantation was collected for the devices
(Table 1). The mean length of implantation was 5.4 ± 6.0 years
(range, 0-26 years), and the mean patient age at implantation
was 60 ± 14.3 years (range, 13-87 years).
Taper Damage Evaluation
All implants were cleaned by two 20-minute soaks in a 1:10
ratio of disinfecting solution (Discide; AliMed, Dedham, MA)
followed by two 30-minute sonication periods in water. A soft
nylon brush was used to help remove biological ﬁlms and loose
debris. Fretting and corrosion damage of the head taper was
characterized using a previously described 4-point, semi-
quantitative scoring system [1,2]. In this system, a score of 1 is
assigned when the damage is considered minimal and corre-
sponds to fretting damage occurring on less than 10% of the
surface with no pronounced evidence of corrosion. A score of a 2
indicates mild damage where either more than 10% of the surface
has fretting damage or there is corrosion attack conﬁned to small
areas. A score of a 3 reﬂects moderate damage where more than
30% of the surface has fretting damage or localized corrosion
attack. A score of 4 corresponds to severe damage over the ma-
jority of the taper (>50%) with abundant corrosion debris. Irreg-
ular, acute artifacts on the surface were considered iatrogenic
damage and excluded from the taper damage assessment. In an
effort to achieve a consistent methodology, all components were
scored in random order by 3 trained investigators who were
initially blinded to the scores of the others. In case of discrep-
ancies, the 3 scorers convened to arrive at a ﬁnal score, under the
supervision of the senior author. In cases where the femoral
component was available (n ¼ 148), calipers were used to
determine taper dimensions. The stem femoral neck taper diam-
eter was obtained at the distal point of engagement with the
femoral head when apparent or at the distal end of the femoral
stem taper in cases where the entire taper was engaged. The
ﬂexural rigidity of the taper was then calculated by multiplying
the second moment of area by the elastic modulus [1].
Statistical Analysis
Clinical and device factors related to head taper fretting corro-
sion damage were assessed using ordinal logistic regression. Vari-
ables that have been suggested to have an effect on taper frettingcorrosion damage were considered: patient age, gender, height,
weight, and University of California Los Angeles activity score,
along with head taper design (C-Taper vs V40), head offset, head
size, taper ﬂexural rigidity, and length of implantation. First, an
overall test of the statistical signiﬁcance for all the predictor vari-
ables together was conducted with a standard regression model.
Then, a model comprising a subset of predictor variables that
explained the response variable (head taper fretting corrosion)
most parsimoniously was derived using stepwise regression with
forward selection and an entry threshold of P < .05. The Bayesian
information criterion was used to assess the quality of each step-
wise model, and the ﬁnal model was conﬁrmed to have the lowest
Bayesian information criterion value. Odds ratios (ORs) with a 95%
conﬁdence interval (CI) were calculated by exponentiating the
parameter estimates of the ﬁnal ordinal logistic regression model
that used the identiﬁed predictor variables.
To further assess the effect of taper design, 2 cohorts comprised
of 23 components of each taper type were created. Each C-Taper
component was matched to a V40 component based on the sig-
niﬁcant predictor variables of the ﬁnal regression model. Between
the 2 cohorts, similarities in thematching variables were conﬁrmed
using the Wilcoxon rank-sum test, and the proportion of compo-
nents at each damage score was compared using Fisher's exact test
with Freeman-Halton extension. Statistical analyses were per-
formed using SAS 9.3 and JMP 11.0 (SAS Institute, Inc., Cary, NC)
with a signiﬁcance level of a ¼ 0.05.
Results
Head taper fretting and corrosion damage ranging fromminimal
to severe was observed for both taper types (Fig. 2). Mild to severe
damage (score2) was observed on 55 of 77 (71%) of C-Taper heads
and 141 of 175 (81%) of V40 heads. From the ﬁnal stepwise
regression model, head offset, length of implantation, patient
weight, and taper ﬂexural rigidity were identiﬁed as signiﬁcant
predictors of increased taper fretting and corrosion damage (R2 ¼
0.40; P < .001). Each additional millimeter of head offset was
associated with a 20% increase in the odds of a higher damage score
(OR, 0.80; 95% CI, 0.72-0.88; P < .001). The odds of greater taper
damage increased by 13% for each year the component was in situ
(OR, 0.87; 95% CI, 0.79-0.95; P ¼ .002). For each additional pound of
patient weight, the associated elevation in the odds of increased
damage was 1% (OR, 0.99; 95% CI, 0.98-0.99; P < .001). Stiff tapers
exhibited less damage; each unit increase in ﬂexural rigidity (109
Nm2) was associated with a decrease of 1% in the odds of a higher
damage score (OR, 1.01; 95% CI, 1.00-1.01; P < .001). As a guide for
context, ﬂexural rigidity ranged from 84.5 to 402.6  109 Nm2 for
tapers in this study. Taper size (C-Taper or V40) was not found to
have an effect on head fretting and corrosion damage (P ¼ .21).
In the matched cohort analysis, both groups were conﬁrmed to
have similar values for head offset, length of implantation, stem
material (based on ﬂexural rigidity ﬁnding), and patient weight
(Table 2). No difference was found in head fretting and corrosion
damage scores (median score ¼ 2 for both cohorts; P ¼ .09; Fig. 3)
between the 2 taper groups.
Discussion
Fretting corrosion at modular tapers in THA remains a clinical
concern, and a more thorough understanding of this multifactorial
process is needed. While results from in vitro testing are useful,
studying this phenomenon in surgically retrieved components al-
lows for clinically relevant insights to be gleaned. In this retrieval
study, components of 2 taper sizes were assessed for taper damage
using multivariable and subsequent matched cohort analysis
Fig. 2. Distribution of taper damage (shown as scores 1e4) at the head taper for C-Taper (left) and V40 (right).
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head-stem junction has been explored [7,8,10], the isolated effect of
taper size from taper angle and surface ﬁnish has yet to be reported.
To the authors' knowledge, this is also the ﬁrst retrieval study to
assess this effect while controlling for other device and clinical
factors. The results of this study suggest that fretting and corrosion
damage are insensitive to difference in taper size within this
context. The ﬁnal regression model explained 40% of the variation
in taper damage and identiﬁed head offset, implantation time, and
material combination as contributing factors. In addition to implantfactors, we found patient weight to be a predictor of fretting
corrosion damage in the retrieval series.
The clinical and design factors that contributed to head fretting
and corrosion damage were comparable to those of previous
bench-top and retrieval studies. A larger head offset was associated
with an increased bending moment and has been shown to result
in higher fretting currents during electrochemical tests [14,15]. The
observed effect of implantation time was consistent with the un-
derstanding that more time in situ permits further progression of
the fretting corrosion phenomenon [1,3,7,9]. Increased patient
Table 2
Comparison of Variables Between the 2 Matched Cohorts.
Variable C-Taper V40 p-value
Head Offset (mm) 5.0 ± 3.6 3.5 ± 4.1 0.09
Time in situ (years) 6.5 ± 6.1 4.8 ± 4.4 0.11
Weight (lbs) 176 ± 53 180 ± 54 0.32
Stem Material
CoCr 11/23 ¼ 48% 11/23 ¼ 48% e
Ti Alloy 12/23 ¼ 52% 12/23 ¼ 52% e
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tion, and its effect on taper damage has been previously identiﬁed
using retrievals [3]. The observed trend with ﬂexural rigidity is
consistent with the theory that necks with greater stiffness bend
less and decrease the potential for fretting corrosion [1].
Ourﬁnding that taper size (C-Taper vs V40) has no effect on taper
damage in MoPE bearings may provide some clariﬁcation to the
current disagreement in the literature. Some have suggested greater
damage on smaller tapers inmetal-on-metal (MoM) bearings due to
larger moments per unit area [6]. In their analysis of 43 MoPE ex-
plants comprising 6 designs, Tan et al [8] reported that the nar-
rowest taper design had the highest damage scores. That study,
however, had relatively few samples (n 6 in most groups) and did
not control for the effect of stem material, which has been repeat-
edly identiﬁed as a contributor to taper fretting corrosion [2,9,16,17].
Conversely, Nassif et al [10] reported higher damage scores onMoM
tapers that were longer and had larger diameters. However, that
study noted heterogeneity in thematerial composition between the
different taper types and did not consider variations in implantation
time, head offset, or patient weight between groups.
We recognize some limitations of this study. The semi-
quantitative evaluation that was used is liable to observer subjec-
tivity and may not comprehensively characterize the amount of
material loss or corrosion debris at these interfaces. Nevertheless,
having the same 3 trained investigators examine all devices helped
to maintain consistency. Furthermore, this scoring technique has
been shown to correlate highly with quantitative methods
measuring volume loss [18,19]. In addition, we only investigated 2
taper sizes from a single manufacturer. These 2 designs are a subset
of contemporary taper options, and the applicability of these re-
sults to all taper sizes is unclear. In addition, this study only
investigated MoPE articulations and did not assess taper behaviorFig. 3. Box plot showing the variation in femoral head damage score between the 2
matched cohorts (n ¼ 23 for each cohort).in hard-on-hard bearing couples such as ceramic-on-ceramic or
MoM. This should be noted because edge loading and low clear-
ances are factors reported to inﬂuence taper damage in large head
MoM devices, but such designs were beyond the scope of the
present study [20].
The results of the present study do not support the hypothesis
that fretting and corrosion damage is affected by the evolution in
taper size from C-Taper to V40 when considered in the context of
other predictor variables in MoPE bearings. Fretting and corrosion
damage is a multifactorial phenomenon, and it is important to
identify signiﬁcant effects while considering the contribution of
potential confounding variables. The reduced model derived in this
analysis suggests a subset of variables that may be considered in
future efforts to mitigate fretting corrosion. Further investigation
with additional designs and retrievals will be useful to better un-
derstand the effect of taper design on fretting corrosion in THA.References
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